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h-catenins are conserved transcription factors regulated posttranslationally by Wnt signaling. bar-1 encodes a Caenorhabditis elegans h-
catenin acting in multiple Wnt-mediated processes, including cell fate specification by vulval precursor cells (VPCs) and migration of the QL
neuroblast progeny. We took two approaches to extend our knowledge of bar-1 function. First, we undertook a bar-1 promoter analysis using
transcriptional GFP reporter fusions and found that bar-1 expression is regulated in specific cells at the transcriptional level. We identified
promoter elements necessary for bar-1 expression in several cell types, including a 321-bp element sufficient for expression in ventral cord
neurons (VCNs) and a 1.1-kb element sufficient for expression in the developing vulva and adult seam cells. Expression of bar-1 from the
321-bp element rescued the Uncoordinated (Unc) phenotype of bar-1 mutants, but not the vulval phenotype, suggesting that a Wnt pathway
may act in ventral cord neurons to mediate proper locomotion. By comparison of the 1.1-kb element to homologous sequences from
Caenorhabditis briggsae, we identified evolutionarily conserved sequences necessary for expression in vulval or seam cells. Second, we
analyzed 24 mutations in bar-1 and identified several residues required for BAR-1 activity in C. elegans. By phylogenetic comparison, we
found that most of these residues are conserved and may identify amino acids necessary for h-catenin function in all species.
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h-catenins are evolutionarily conserved proteins that
perform two different but important roles in animal cells.
First, h-catenin functions as an essential component of the
plasma membrane-localized cadherin–catenin complex that
mediates cell adhesion (Huber et al., 1996; Kemler, 1993).
In this complex, h-catenin binds to the cytoplasmic tail of
the transmembrane adhesion protein cadherin. h-catenin
also binds to a-catenin, which can interact with cytoskeletal
proteins, thereby helping to form a tight, adhesive interac-
tion between adjacent cells. Formation and regulation of the
cadherin–catenin complex are necessary for cell migration
and morphogenesis during development, and modulation of0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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(Ben-Ze’ev and Geiger, 1998; Gumbiner, 1996).
Second, h-catenin is a major component of the Wnt
extracellular signaling pathway, which regulates many de-
velopmental processes in metazoans from hydra to verte-
brates. Wnt signaling has been implicated in the control of
cell division, differentiation, polarity, andmigration (Cadigan
and Nusse, 1997; Wodarz and Nusse, 1998), and in the
control of stem cell fates (Alonso and Fuchs, 2003; Reya et
al., 2003; Sato et al., 2004; Willert et al., 2003). In canonical
Wnt signal transduction pathways, h-catenin is a key tran-
scriptional effector of pathway activation (Willert and Nusse,
1998). In the absence of Wnt signal, h-catenin stability is
negatively regulated by a complex of proteins that includes
Axin, the tumor suppressor protein APC, and glycogen
synthase kinase 3h (GSK-3h). The activity of this complex
leads to the phosphorylation of h-catenin on key amino
terminal residues, which target h-catenin for degradation by
the ubiquitin–proteosome pathway. In the nucleus, members
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co-repressors like Groucho and CBP, repress Wnt target
genes (Van Noort and Clevers, 2002). Binding of a Wnt
ligand to a Frizzled and LRP5/6 co-receptor (Mao et al.,
2001; Tamai et al., 2000) leads to inactivation of the cyto-
plasmic Axin/APC/GSK-3h complex and stabilization of h-
catenin. This allows h-catenin to enter the nucleus where it
can interact with TCF/LEF proteins. TCF/LEF transcription
factors provide a DNA-binding motif, while h-catenin pro-
vides a transcriptional activation function, allowing upregu-
lation of Wnt pathway target genes. In addition to the
essential role of Wnt signaling in normal development,
misregulation of the Wnt pathway due to mutations in APC
or h-catenin is a major factor in the genesis of colon cancer
(Polakis, 2000).
Vertebrates express two highly related proteins, h catenin
and plakoglobin. h-catenin functions in both Wnt signaling
and cell adhesion as described above. Plakoglobin functions
in cell adhesion at both adherens and desmosomal junctions,
but its role in Wnt signal transduction is not clear (Cowin and
Burke, 1996; Simcha et al., 1998). In Drosophila, the single
h-catenin homolog, Armadillo, performs both cell adhesion
and Wnt signaling functions (Orsulic and Peifer, 1996).
The nematode Caenorhabditis elegans has three homo-
logs of h-catenin, encoded by the hmp-2, wrm-1, and bar-1
genes (Herman, 2003; Korswagen, 2002). The sequences of
the three h-catenin homologs have significantly diverged
from each other and from other h-catenin proteins, and
mutations affecting these genes lead to non-overlapping
phenotypes. HMP-2 is localized at cell junctions and is
required for epithelial cell migrations in ventral closure
during embryonic morphogenesis (Costa et al., 1998).
HMP-2 interacts with C. elegans cadherin and a-catenin
proteins, but not with any C. elegans Wnt pathway compo-
nents (Korswagen et al., 2000; Natarajan et al., 2001). wrm-
1 function has been most studied in a noncanonical Wnt
signaling pathway acting in endoderm specification during
early embryogenesis (Thorpe et al., 1997; Rocheleau et al.,
1999). In this process, WRM-1 acts in concert with the
MAP kinase signaling factors LIT-1 and MOM-4 to trans-
locate the TCF homolog POP-1 out of the nucleus, thereby
derepressing genes required for endoderm specification
(Ishitani et al., 1999; Maduro et al., 2002; Shin et al.,
1999). Hence, WRM-1 may not function as a transcriptional
activator in this noncanonical Wnt-mediated process. bar-1
acts in several processes during larval development, but its
functions during neuronal migration (Maloof et al., 1999)
and vulval development have been best characterized
(Eisenmann et al., 1998). BAR-1 acts positively to regulate
expression of the Hox gene mab-5 in the QL neuroblast
(Maloof et al., 1999), and expression of mab-5 controls the
direction of migration of the QL daughter cells (Salser and
Kenyon, 1992). Other factors acting in these cells include
homologs of Wnt (EGL-20), Frizzled (LIN-17, MIG-1),
Dishevelled (MIG-5), GSK-3h (SGG-1), and TCF (POP-1)
(Herman, 2003; Korswagen, 2002). During vulval develop-ment, BAR-1 and TCF (POP-1) act positively, while Axin
(PRY-1) and APC (APR-1) act negatively, to regulate ex-
pression of the Hox gene lin-39 and control cell fate
specification (Eisenmann et al., 1998; Gleason et al.,
2002). BAR-1 does not interact with C. elegans a-catenin
and E-cadherin, but does interact with C. elegans homologs
of TCF and APC (Korswagen et al., 2000; Natarajan et al.,
2001), and Axin (Korswagen et al., 2002). BAR-1 can
activate transcription in yeast when brought to a target gene
promoter (Natarajan et al., 2001). Therefore, it appears that
in C. elegans, the functions of the three h-catenin homologs
are distinct from each other, and BAR-1 is the only one likely
to function like h-catenin in a canonical vertebrate Wnt
pathway.
We have previously characterized the roles of BAR-1 and
Wnt signaling during C. elegans vulval induction, an ex-
tensively studied system in which conserved extracellular
signaling pathways regulate vulval precursor cell (VPC) fate
specification (reviewed in Greenwald, 1997; Kornfeld,
1997; Sternberg and Han, 1998). Early in the first larval
stage (L1), 12 P cells migrate to the ventral midline and
divide to give 12 Pn.p hypodermal cells arrayed along the
anterior–posterior axis. Of these 12 Pn.p cells, P3.p to P8.p
express the Hox gene lin-39 and become the VPCs. Three of
the VPCs (P5.p–P7.p) adopt vulval cell fates and divide to
generate the vulva. An inductive signal from the anchor cell
(AC) in the somatic gonad activates a Ras pathway in P6.p,
causing it to adopt a 1j fate and generate eight cells that
form the center of the developing vulva. Subsequently, a
lateral signal from P6.p activates a Notch pathway in the
P6.p neighbors, P5.p and P7.p, causing them to adopt 2j
fates and generate seven cells that form the sides of the
developing vulva. P3.p, P4.p, and P8.p receive neither
signal and adopt the 3j fate, which is to divide once and
fuse with the hypodermis. P3.p can also adopt a Fused fate
50% of the time that results in fusion with the hypodermis
without division (Sternberg and Horvitz, 1986).
We and others have characterized the mutant phenotypes
caused by the bar-1(ga80) mutation, which is predicted to
truncate the 811 amino acid BAR-1 protein at amino acid 97
(Eisenmann and Kim, 2000; Eisenmann et al., 1998). In
bar-1(ga80) mutant animals, the cell fates of the VPCs are
misspecified such that cells other than P3.p adopt the Fused
fate and P5.p–P7.p often adopt the 3j fate. This incom-
pletely penetrant fate specification defect leads to fewer than
three VPCs adopting induced fates, causing an egg-laying
defective (Egl) or protruding vulva (Pvl) phenotype. Inac-
tivation of Ras signaling in a bar-1(ga80) mutant greatly
increases the penetrance of the Fused fate phenotype, most
likely due to the coordinate regulation of lin-39 by the Wnt
and Ras pathways in the VPCs (Eisenmann et al., 1998). In
addition to this vulval defect, bar-1(ga80) mutants also
show defects in migration of the progeny of QL neuroblasts.
Normally, the QL neuroblast receives a Wnt signal and its
descendants migrate posteriorly, while the descendants of its
sister neuroblast QR migrate anteriorly. In bar-1mutants, the
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(Ch’ng et al., 2003; Eisenmann and Kim, 2000; Maloof et
al., 1999). A third phenotype observed in bar-1(ga80)
mutant animals is a P12 misspecification defect in which
the most posterior P cell P12 appears to adopt the fate of its
anterior sister P11, leading to the appearance of two large
P11.p-like nuclei and the absence of a small P12.pa nucleus
(Eisenmann and Kim, 2000). In all three of these larval
processes, Wnt pathway activation is required to initiate or
maintain Hox gene expression: lin-39 in vulval cells (Eisen-
mann et al., 1998), mab-5 in QL neuroblast (Harris et al.,
1996), and egl-5 in P12 (Jiang and Sternberg, 1998). In
addition to these three phenotypes, bar-1(ga80) mutants
also display a moderate Uncoordinated (Unc) phenotype
(Eisenmann and Kim, 2000).
To extend our previous analysis of the structure and
function of the C. elegans BAR-1 protein, we took two
approaches. First, we examined the bar-1 promoter to define
cis-acting sites necessary for proper spatial and temporal
regulation of bar-1 toward the ultimate goal of identifying
trans-acting factors that regulate bar-1 during development.
Using GFP reporter constructs, we identified a 1.1-kb
element necessary and sufficient for expression in the Pn.p
cells and the descendants of induced VPCs. Our inability to
delete this sequence to any extent without losing enhancer
function suggested that multiple elements might be
contained within this large sequence. To identify such
elements, we compared this sequence to the corresponding
region from the related nematode Caenorhabditis briggsae
and found several short, evolutionarily conserved sequences
within this element that are necessary for specific expres-
sion. We also identified a 321-bp region necessary and
sufficient for expression in a subset of ventral cord neurons
(VCNs). Expression of wild-type bar-1 from this 321-bp
element rescued the Uncoordinated phenotype of bar-
1(ga80) animals. This suggests that the locomotion defect
of bar-1(ga80) animals is due to a defect in Wnt signaling in
certain ventral cord neurons, a new site of action for Wnt
signaling in C. elegans.
As a second approach, we extended our previous struc-
ture–function analysis of BAR-1 (Natarajan et al., 2001).
Phenotypic characterization and sequence analysis were
performed on 24 independently isolated mutations in the
bar-1 gene. This analysis highlighted several amino acids
that are essential for BAR-1 function. Many of these
residues are conserved in h-catenins from other animals,
suggesting that they may be important for h-catenin func-
tion in diverse species.Materials and methods
Genetic methods
The culture and genetic manipulation of C. elegans was
carried out as described (Brenner, 1974). Wild-type animalswere C. elegans N2 Bristol strain. Experiments were per-
formed at 20jC unless otherwise indicated. The following
genes and alleles were used: LGI: pry-1(mu38), ccIs9753;
LGII:muIs32 [mec-7DGFP, lin-15(+)];LGIII:pha-1(e2123);
LGIV: dpy-20(e1282), unc-30(e191); LGV: him-5(e1490),
muIs35[mec-7DGFP, lin-15(+)]; LGX: bar-1(de5, de6, de7,
ep449, ep451, ep460, ep461, ep462, ep463, ep466, ep478,
ep479, ep484, ep485, ep486, ep487, ga80, mu347, mu63,
mu226, mu349, mu350, mu236, sy324). ccIs9753 indicates
an integrated multiconstruct array containing myo-2DGFP,
pes-10DGFP, and gutDGFP located at approximately +27.5
onLGI (gift ofSteveGrendeau).muIs32 andmuIs35 (gift ofC.
Kenyon) are integrated arrays containing a mec-7DGFP
reporter fusion gene that is expressed in the touch receptor
neurons, including AVM (QR.paa) and PVM (QL.paa) (Chal-
fie, 1994; Ch’ng et al., 2003).
Isolation of bar-1 alleles from independent screens
sy324 was identified in a screen for mutants that suppress
the multivulva phenotype of lin-1(e1777) (Andy Golden,
unpublished results; Eisenmann and Kim, 2000). mu63 was
obtained as a spontaneous suppressor of pry-1(mu38);
muIs32 animals (Maloof et al., 1999). mu226, mu236,
mu347, mu349, and mu350 were isolated in an EMS screen
for mutations affecting the migration of the QL and QR
descendants (Ch’ng et al., 2003; Maloof et al., 1999;
Cynthia Kenyon unpublished results). de5, de6, and de7
were isolated in a screen for suppressors of pry-1(mu38).
Most pry-1(mu38) animals grown at 15jC display an
everted gonad (‘Spew’) phenotype and consequently have
an average of 1 progeny. We mutagenized pry-1(mu38)
animals with EMS as described (Brenner, 1974) and four
mutagenized P0 animals were picked onto each plate and
allowed to self-fertilize at 25jC. Three F1 animals were
picked onto each plate and allowed to reproduce at 15jC for
two generations. Any plates with large numbers of F3
animals (progeny of suppressed F2 animals) were kept
and analyzed further. We obtained eight suppressors from
5000 mutagenized haploid genomes, and three independent
suppressors (de5, de6, and de7) failed to complement bar-
1(ga80). The remaining bar-1 alleles described here (ep449,
ep451, ep460, ep461, ep462, ep463, ep466, ep478, ep479,
ep484, ep485, ep486, and ep487) were isolated in a similar
screen for suppressors of pry-1 mutant phenotypes at 15jC
(Steve Gendreau et al, Exelixis Inc., unpublished results). In
this screen, 13 alleles of bar-1 were obtained from 200,000
mutagenized haploid genomes. Putative bar-1 alleles were
identified by SNP mapping (Wicks et al., 2001) and were
sequenced to confirm the mutation in each independent
suppressed strain.
Complementation analysis with bar-1(ga80)
him-5 males were mated into putative bar-1 mutant
strains, and males from this cross were mated into unc-
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vation of defects in the migration of the QL descendants or
in vulval induction in non-Unc hermaphrodite cross progeny
was taken as evidence of failure of the putative bar-1 allele
to complement bar-1(ga80).
Backcross strategy for bar-1 alleles
All bar-1 alleles were backcrossed at least three times by
following the Q progeny migration defect in F2 cross
progeny. All de and ep alleles of bar-1 were isolated in a
pry-1(mu38) background. To isolate bar-1 alleles away from
pry-1(mu38), we built a strain containing (1) the integrated
array ccIs9753, which is present on the right arm of LG I
near pry-1 and which gives GFP expression in the pharynx
(Steve Gendreau, unpublished results), and (2) the integrat-
ed array muIs35, which contains mec-7DGFP, permitting
the observation of Q neuroblast progeny migration under a
dissecting stereomicroscope with GFP optics (Chalfie,
1994; Ch’ng et al., 2003). The ccIs9753; muIs35 strain
was treated with 7% ethanol to induce production of males
(Andy Golden, personal communication), which were
crossed into pry-1(mu38); bar-1(xx) strains. F1 cross prog-
eny hermaphrodites were identified by GFP expression in
the pharynx and in the Q descendants. F2 progeny from
these animals that displayed a Q progeny migration defect
were assumed to be bar-1(xx) homozygotes. These animals
were selfed, and those with F3 progeny that all showed
pharyngeal GFP were assumed to be homozygous for
ccIs9753 and to have lost pry-1(mu38). In most cases, the
loss of pry-1(mu38) was verified by sequencing of the pry-1
locus. Males from these backcrossed animals were crossed
into N2 animals. GFP-expressing F1 cross progeny were
cloned, and the bar-1 allele was made homozygous by
cloning F2 animals with a Q migration defect. This process
was repeated for subsequent backcrosses. Genomic DNA
from backcrossed strains was sequenced to confirm the
presence of bar-1 mutations. The allele ep463 could not
be backcrossed and analyzed because the Q descendant
migration phenotype was too weak to follow in crosses.
Observation of bar-1 mutant phenotypes
Q descendant migration, vulval induction, and P12
mutant phenotypes were scored as described (Eisenmann
and Kim, 2000; Gleason et al., 2002). We did not charac-
terize the weak gonad migration phenotype previously seen
in bar-1(ga80) and other Wnt pathway mutants because the
ccIs9753; muIs35 control strain displayed a low level gonad
migration phenotype. The Uncoordinated phenotype of bar-
1(ga80) and other strains was scored in L4 animals (because
adults can be Unc due to egg-laying defects). Non-Dpy
animals were picked to a plate with food and left for an
hour. Each animal was given a single tap on the head with
the end of a platinum wire and the number of body lengths
that the animal moved backwards was noted. Values from0.5 to 4.0 were observed. Animals (100) were tested for
each construct, with data from three independent transgenic
lines pooled together in the analysis.
RNAi for bar-1
RNAi was carried out either by feeding or by injection of
wild-type or muIs35 animals at 20jC. RNAi feeding was
carried out as described in Timmons et al. (2001). A 2.2-kb
NcoI–SacI fragment from a bar-1 cDNA (Eisenmann et al.,
1998) was inserted into the ‘feeding vector’ pPD129.36. The
resulting plasmid was transformed into bacterial strain
HT115 and was induced with IPTG to produce dsRNA. L1
larvae fed with dsRNA or progeny of adults fed with dsRNA
were examined for vulval phenotypes. For dsRNA injections,
T7 polymerase sites were inserted on either end of a bar-1
cDNA in separate PCR reactions. These PCR products were
used as templates with T7 RNA polymerase to generate
single-stranded RNAs that were mixed together to generate
dsRNA (Ambion MEGAscript In Vitro Transcription Kits).
Worms were injected with dsRNA at either 1 or 2.3 Ag/Al (S.
Peyrot and D.M.E unpublished results). Progeny of injected
animals were observed for vulval and other phenotypes.
Molecular biology techniques
Cloning, transformation, and other techniques were per-
formed by standard methods (Ausubel et al., 1993). For
sequencing of bar-1 and pry-1 mutations, PCR products less
than 1 kb in length were amplified from genomic DNA, gel
purified using a Qiagen Minielute kit, and sequenced on an
ABI377 sequencer.
Transcriptional fusions of bar-1 promoter to GFP
A series of bar-1 promoter fragments was cloned into
pPD95.67, a promoterless GFP expression vector (gift
from Andy Fire). Constructs had different 5V ends, but
all contained the bar-1 proximal promoter region and the
first four amino acids of BAR-1 fused in frame to GFP
coding sequences. pBJ201 contains a 10-kb SpeI–BamHI
fragment from cosmid T21H4 cloned into XbaI–BamHI of
pPD95.67. This served as a parent plasmid for subcloning
of all but two of the plasmids. Plasmids pBJ202 (PstI–
BamHI), pBJ203 (XbaI–BamHI), pBJ204 (NheI–BamHI),
pBJ205 (HindIII–BamHI), and pBJ206 (SalI–BamHI)
were constructed by inserting the indicated bar-1 promoter
restriction fragments from pBJ201 into compatible sites of
pPD95.67. pBJ207 was made by inserting a BglII–BamHI
fragment into a BamHI site in the vector. The inserts in
pBJ208 and pBJ209 were synthesized by PCR and the
resulting PstI–SalI fragments were cloned between the
corresponding sites in pBJ202. pBJ210 was made by
inserting a PCR-generated HindIII fragment into pBJ205.
All constructs were sequenced at junctions, and PCR-
generated fragments were sequenced completely.
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The vector pPD107.94 (gift of Andy Fire) contains the
basal promoter from the pes-10 gene upstream of GFP coding
sequences with a nuclear localization sequence. This vector
shows no GFP expression in vivo unless enhancer sequences
are inserted upstream of the basal promoter. Putative enhanc-
er fragments to be tested in vivo were isolated by PCR with
oligonucleotides that created appropriate restriction sites on
the product ends. These enhancer fragments were cloned into
the pes-10DGFP vector, sequenced, and injected into animals
to determine expression patterns.
VPC enhancer elements with scrambled sites
Our strategy for scrambling the evolutionarily conserved
sequences in the VPC enhancer element was to randomize
the wild-type sequence without changing the overall GC
content of the site. Overlapping PCR products containing
the scrambled sequence at opposite ends were first generat-
ed and then SOEing PCR (Splicing by Overlap Extension)
(Hobert, 2002; Horton et al., 1990) was used to fuse these
together into the final 1.1-kb product, which was inserted
into the pes-10DGFP vector. Each construct was verified by
sequencing.
VPCeDbar-1 and VCNeDbar-1 constructs
These constructs were made by SOEing PCR, basically
as described (Hobert, 2002). PCR (oligos VPCbar1A/
VPCbar1B) was used to isolate the 1.1-kb VPC/Seam
element fused to the pes-10 basal promoter from plasmid
1131DGFP (VPC in Table 3) and to isolate the bar-1 coding
and 3V untranslated region (oligos VPCbar1C/VPCbar1D)
from plasmid pDE204. These two fragments were then
fused together in a second PCR round (oligos ODE234/
ODE254). Similarly, the 321-bp element fused to the pes-10
promoter was isolated from plasmid VCN.6 (oligos
VCNeA/VPCbar1B) and joined to genomic bar-1 sequence
in a second round (oligos VCNeAP/ODE254). Final PCR
products were gel purified, mixed with pMH86 (dpy-20(+)),
and injected into dpy-20(e1282); bar-1(ga80) animals at
100 ng/Al.
Generating transgenic animals and observation of GFP
expression patterns
All constructs were injected at 100 ng/Al with one of the
following as a co-injection marker at 100 ng/Al: pRF4 (rol-
6d) (Mello et al., 1991), pC1 (pha-1D3VUTR I KS+I)
(Granato et al., 1994), pMH86 (dpy-20(+)) (Sundaram et
al., 1996), or pSC11 (unc-30(+)) (Jin et al., 1994). DNAs
were injected into N2, pha-1(e2123), dpy-20(e1282), or
unc-30(e191) animals, respectively, and animals exhibiting
a dominant Rolling phenotype or rescued for pha-1, dpy-20,
or unc-30 mutant phenotypes were selected. For every
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For observation of GFP expression patterns, staged larvae
were observed on a Zeiss Axioplan 2 with a Nikon
DXM1200 digital camera. Synchronized larvae at different
developmental stages were obtained by feeding of starved
L1 larvae as described (Wood, 1988).
Bioinformatics
Clustal W v1.8 software (http://www.clustalw.geno-
me.ad.jp/) was used to align protein sequences of BAR-1
with h-catenins from other systems and to match VPC and
VCN element sequences of C. elegans with corresponding
regions in C. briggsae. TFSEARCH (http://www.cbrc.jp/
research/db/TFSEARCH.html) or TRANSFAC database
(http://transfac.gbf.de/TRANSFAC/) was used to determine
transcription factors that bind to sites in the VPC and the
VCN elements.
Oligonucleotides
For pBJ208:
BJ5VPstI(1) GCGGCTGCAGCAAACAATAGGCAAC-
TCA
BJ3VSalI GAAATGAACAAACGGCAAAGACGGG
For pBJ209
BJ5VPstI (2) CCGGCTGCAGGCGTTTGTTGGTGTCC
(and pBJ3VSalI)
For pBJ210
BJ5VHind ACTTTTGTAACAAAGCTTTTGGTGA
BJ3VHind GAGCTTGATCCCGAATTACG
For 1.1 kb VPC element and smaller derivatives
The indicated constructs were made using the following
primer pairs: VPC (OLN18, OLN19), VPC.1 (OLN18,
OLN25), VPC.2 (OLN26, OLN27), VPC.3 (OLN28,
OLN29), VPC.4 (OLN30, OLN19), VPC.5 (OLN18,
OLN29), VPC.6 (OLN26, OLN19), VPC.7 (OLN19,
OLN22), VPC.8 (OLN51, OLN52), VPC.9 (OLN18,
OLN27), VPC.10 (OLN26, OLN29), VPC.11 (OLN28,
OLN19), VPC.13 (OLN18, OLN52), and VPC.14 (OLN51,
OLN19). VPC.12 was made by SOEing PCR products from
OLN18, OLN63 and OLN64, OLN19 using the outer primers
OLN18 and OLN19.
OLN18 CCCGACATGTCAAGCTTTAG
OLN19 TCTAGAGGACACCAACAAACG
OLN22 GGCTGCAGGTACTTCCCTCAAAAAGAG
OLN25 CGTCTAGAGAAAATGAAGAGG
OLN26 CGAAGCTTCAATTTTCTCTCTGTC
OLN27 CGTCTAGACAATCTGTCTATCCC
OLN28 CGAAGCTTGACGCTACTGTCC
OLN29 CGTCTAGAGATAGACATTTTTCAG
OLN30 CGAAGCTTCTTTTTACCGTCTCC
OLN51 CCCAAGCTTCCTCTGCTTTGTTT-
GAAGTTT
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OLN63 CAAAATTCATGGGAGACGGGTCGTCGT-
TTGTGGAACTAATAG
OLN64 GTTCCACAAACGACCCGTCTCCCAT-
GAATTTTGATCTCC
For 1.1 kb VCN element and smaller derivatives
The indicated constructs were made using the following
primer pairs: VCN (OLN23, OLN24), VCN.1 (OLN31,
OLN40), VCN.2 (OLN41, OLN42), VCN.3 (OLN42,
OLN20), VCN.4 (OLN53, OLN54), VCN.5 (OLN20,
OLN40), VCN.6 (OLN31, OLN57), VCN.7 (OLN41,
OLN58), VCN.8 (OLN20, OLN59), VCN.9 (OLN60,
OLN42), VCN.10 (OLN31, OLN58), VCN.11 (OLN31,
OLN59), VCN.12 (OLN31, OLN101), and VCN.13
(OLN31, OLN100).
OLN20 CGAAGCTTACCCTTGACTAAAATTGTC
OLN23 CGAAGCTTGAGTTGAGCCCATC
OLN24 CGTCTAGACACCAAAAGTTGTGTTAC
OLN31 GTCGACGTTGAGTTGAGCCC
OLN40 TCTAGAGGTAATAATCAAAACCTGAG-
TAC
OLN41 GTCGACGTCTGAAATAACAG
OLN42 TCTAGACACCAAAAGTTGTG
OLN53 ACGCGTCGACCTTAGCCCTAAAAATG
OLN54 GCTCTAGAGAGCAATTATCAACTAGC-
TATC
OLN57 GCTCTAGAGCTGTTATTTCAGACTTAG
OLN58 GCTCTAGAGACAATTTTAGTCAAG
OLN59 GCTCTAGAGCGTCGGAAGTAAG
OLN60 GCGTCGACCTGATTGAAGTTGAC
OLN100 TCTAGAGGCCATTTTTAGGGCTAAAG
OLN101 TCTAGAGACGGCGTGTGCACCATCTC
For generating C. briggsae 1.3-kb fragment
OLN95 AAGCTTATCAGTAGACCACTTGTTCA-
TATGTTTTGC
OLN96 TCTAGAATGTGTCAACTGTCAAAA-
TATTTCTGATAATATG
For generating scrambled VPC enhancer constructs
For each pair of oligos, the first oligo was used for PCR
with OLN18 and the second oligo was used for PCR with
OLN19. Products from these PCR reactions were mixed
together and the SOEing PCR was carried out using the
outer oligos OLN18 and OLN19.
For S1
OLN91 GATTATATAAGAAGAAGAAATAGCA-
AAAACGGCAACAGTTC
OLN92 TTTCTTCTTCTTATATAATCCTCTTCA-
TTTTCAATTTTCTCFor S2
OLN71 AAAACGCTTATATTATTGTTATATTGGT-
CGCTTGTATGTGTGTGTGTG
OLN72 AAGCGACCAATATAACAATAATATAA-
GCGTTTTTACCCTTCTTTT
For S3
OLN73 GCACGCGATAACATATATCATAGATACA-
TAATGCTGTTTCTCGGCGAGTACATTAC
OLN74 GAAACAGCATTATGTATCTATGATA-
TATGTTATCGCGTGCCCTGCTGAGGGGATAG
For S4
OLN75 TGAGGGGGATTAAAACGGAATCACC-
GACCGGACAGTAG
OLN76 GATTCCGTTTTAATCCCCCTCAAAAA-
GAGGTCAAGATG
For S5
OLN77 ATACCCTCTATATGTATTCTCTGAGGG-
AAGTACGATAGGAATC
OLN78 CCTCAGAGAATACATATAGAGGGTATTT-
CTCACCTCCAA
For S6
OLN89 TTGCACTGATAGTATAGTAGTATCAGTC-
CACTAAAAATATAAAACATGAGG
OLN90 TAGTGGACTGATACTACTATACTAT-
CAGTGCAATAAAAAATAAACACAAC
For S7
OLN87 TCAGTAAGAACATAGAACAAGTGAAT-
GAAGGATTCATCATGTTTCC
OLN88 CATTCACTTGTTCTATGTTCTTACT-
GAAAAATGTCTATCTTTTTACC
For S8
OLN81 ATGGAGAATATCATAACTGGGAGACG-
TAAAAAGATAG
OLN82 CTCCCAGTTATGATATTCCCATTGTTTTT-
TTTTTCTG
For creation of VPCeDbar-1 and VCNeDbar-1
VPCbar1A GACCATGATTACGCCAAGCTGTAAG
VPCbar1B TAACTAGGTTCGGATCCAGGTCCATT-
TTTTCTGAGCTCGGTACCCTCC
VPCbar1C GGAGGGTACCGAGCTCAGAAAAAAT-
GGACCTGGATCCGAACCTAGTTA
Biology 272 (2004) 536–557 541
L. Natarajan et al. / Developmental Biology 272 (2004) 536–557542VPCbar1D GCAGGTCGACTCTAGTTTACCACAGG
ODE234 CAACGATGGATACGCTAACAACTTGG
ODE254 CTCGAGGGCTACGACACAGAGGTTG-
GAG
VCNeA GAGTTGAGCCCATCCTTCATTCGATAG
VCNeAP GCGAAAGTCGAGAAGACAAAAAGAC-
CCCTC
For sequencing bar-1 alleles
Each successive pair of oligos below was used for both
PCR and DNA sequencing of the bar-1 locus:
ODE63 CTCTTCATCCGGCAGACAAATCGT
and
OLN32 CATTGTTGCATGTTGGAATACAA-
GATG;
OLN33 CGATTATCAAAATTGAAGTATCTGG
and
ODE30 CTCTGATCAAGTCAACTATCACTG-
GAAG;
OLN34 GATGCGATTACTGTAAGATTAAA-
GAAG and
OLN35 GCTTGGACCTTTCTGACATTGG;
ODE32 GCCCCAAAGAGATGGGTGACTTGA-
GAGA and
OLN36 GAAGAGTATGACCATCGCCCATTCG;
OLN37 CAAGAGACCAGGACATTCTCAAC-
GAG and
OLN38 GACATCCGGCAAATTCAAATG;
OLN39 CACTGACGCTACTCCACCTTCG and
ODE39 GCATGCCAATTCATGAACCCGTATAC
For bar-1 RNAi
ODE31T7 TAATACGACTCACTATAGGGCA-
TCTCTGTGTTGGAC
ODE155 GGCATCTCTGTGTTGGAC
ODE18 GGCCAGAGCCGATGATTTCGTGT-
TCTC
ODE156T7 TAATACGACTCACTATAGGGCCAG-
AGCCGATGATTTCFig. 1. bar-1 transcriptional GFP reporter constructs. The top line illustrates
genomic bar-1 promoter and coding regions with relevant restriction sites.
Below this line are indicated the transcriptional GFP reporter constructs
made by inserting fragments of bar-1 promoter sequence upstream of GFP
coding sequences. Left-hand endpoints are indicated. All constructs have a
right-hand endpoint at a BamHI site in the fourth codon of bar-1. The
length of bar-1 promoter used, relative to the ATG, is indicated.Results
A bar-1DGFP transcriptional reporter with 10 kb of
upstream DNA recapitulates the bar-1 expression pattern
Much is known about the regulation of h-catenin protein
function at the posttranslational level, but very little is
known about the transcriptional regulation of h-catenin-
encoding genes in any organism. To begin an investigation
into factors that regulate bar-1 activity, we sought to
identify cis-acting sites in the bar-1 promoter necessary
for proper spatial or temporal expression of bar-1. Previ-
ously, pDE204, a plasmid containing a genomic fragmentextending 5.1 kb upstream of the bar-1 start codon and 0.5
kb downstream of the stop codon, was shown to rescue the
bar-1(ga80) vulval phenotype (Eisenmann et al., 1998). A
translational fusion construct containing 5.1 kb of bar-1
promoter upstream bar-1DGFP was also able to rescue the
bar-1(ga80) mutant phenotype and was shown to express in
the VPCs, seam cells, gonadal sheath cells, and hyp7
syncytial hypodermis (Eisenmann et al., 1998). Finally, a
‘‘mini-gene’’ construct in which the genomic ORF-encoding
sequence in pDE204 was replaced with a bar-1 cDNA could
also rescue (Eisenmann et al., 1998). Together, these results
indicate that bar-1 upstream promoter elements are suffi-
cient to drive bar-1 expression in the vulva and that there
are no essential cis-acting elements in the bar-1 introns.
Therefore, we decided to create transcriptional reporter
constructs containing bar-1 upstream promoter regions
fused to GFP coding sequences to analyze the spatiotem-
poral expression pattern of bar-1. The encoded GFP protein
contains a nuclear localization sequence to aid in identifying
GFP-expressing cells. The largest construct we made,
pBJ201, contained 10.8 kb of bar-1 upstream promoter
DNA (Fig. 1) (the region between the bar-1 ATG and the
next gene upstream is 13 kb). This construct (and others)
was injected into unc-30(e191); him-5(e1490) animals and
the GFP expression pattern was monitored in staged her-
maphrodites during larval and adult life (Fig. 2; Table 1).
Transgenic animals containing pBJ201 on an extrachro-
mosomal array showed expression similar to that seen
previously with the bar-1DGFP translational fusion, with
a few differences (Fig. 2). In regard to vulval development,
GFP expression from the transcriptional fusion was first
seen in Pn.p cells after their birth in the L1 stage. This
expression persisted in the L2 and L3 stages (Figs. 2B and
D) and continued throughout the divisions of the VPCs until
the early L4 stage (Fig. 2F). In the adult, strong GFP
Fig. 2. GFP expression pattern in animals containing bar-1 transcriptional GFP reporter constructs on an extrachromosomal array. Photos are in pairs; the
left panel shows the Nomarski optics view and the right panel shows the fluorescence view. (A–P) Animals carrying pBJ201 on an extrachromosomal
array. (A and B) Expression in P6.p in an L2 stage animal (arrow). Expression is also seen in ventral cord neurons. (C and D) Expression in P3.p and P4.p
in an L2 animal (arrows). (E and F) An L4 stage animal showing expression in vulval cells after induction is complete. (G and H) Expression in vulval
muscles (X pattern). (I and J) Expression in seam cells of an L4 larva. (K and L) Expression in gonadal sheath cells in an adult. (M and N) Expression in
ventral cord neurons (arrowheads) of an L3 stage larvae. (O and P) Expression in the anchor cell of the gonad (arrow). (Q and R) Expression in vulval cells
driven from VPCe::pes-10::GFP. (S and T) Expression in ventral cord neurons driven from VCNe::pes-10::GFP. Animals in (Q–T) were injected with the
pRF4 (rol-6d) co-transformation marker, and the ventral surface of Roller animals is facing upwards.
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faint expression is still seen in adult vulval cells. This
expression pattern verifies that sequences necessary for
bar-1 expression in Pn.p cells and VPCs are present in the
bar-1 upstream region. In contrast, the translational bar-
1DGFP fusion showed expression in Pn.p cells, which
disappeared at the time of the first VPC division and
reappeared later in the L4 stage (Eisenmann et al., 1998).
We saw GFP expression from pBJ201 in several other
tissues. As previously observed with BAR-1DGFP and with
anti-BAR-1 antibody staining, we saw GFP expression in
hypodermal seam cells (Eisenmann et al., 1998) (Fig. 2J).
This expression began in the mid-L1 stage and was present
in all larval stages and the adult. GFP expression was seen
in sheath cells of the somatic gonad (Fig. 2L), as notedpreviously. We also saw expression in a subset of ventral
cord neurons (VCNs) (Fig. 2N) and in the anchor cell of the
gonad (Fig. 2P) that was not previously observed with
antibody staining or a BAR-1 translational GFP reporter
(Eisenmann et al., 1998). Expression is seen in 7–15
neurons between the posterior bulb of the pharynx and the
anus in L1 animals 1 h after hatching, indicating that some
embryonically derived neurons in the ventral cord are
expressing bar-1. During the rest of the L1 and L2 stages,
the number of GFP-expressing neurons increases to 20–40
per animal, suggesting that postembryonic Pn.a-derived
neurons are expressing bar-1. By the L4 stage, the number
of ventral cord neurons showing GFP expression anterior to
the vulva is 0–9, and posterior to the vulva is 11–24,
indicating a possible bias for posterior expression. We have
Table 1
Temporal and spatial expression patterns of bar-1::GFP reporter constructs
Columns indicate each construct assayed. Rows indicate expression (Y) or no expression (N) in particular cells or tissues at the indicated time in development.
All observations are in hermaphrodites, except the last three rows. Each cell in the table represents the observation of z50 animals. Shaded boxes indicate
results that identified tissue specific expression elements. Ad = adult, VPC = vulval precursor cell, VCN = ventral cord neuron.
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cord neurons more precisely at present. The expression of
bar-1 in ventral cord neurons could be the basis for the
moderate Uncoordinated phenotype displayed by bar-
1(ga80) mutants (Eisenmann and Kim, 2000) because these
neurons innervate the body wall muscles used for locomo-
tion (Driscoll and Kaplan, 1997).
As noted above, the anchor cell (AC) in the gonad showed
GFP expression throughout the L3 larval stage until the L4
stage (Fig. 2P and data not shown). This expression suggests
that bar-1 andWnt signaling could function in the anchor cell
during vulval induction or morphogenesis. To test this
hypothesis, we grew wild-type animals on E. coli-expressing
dsRNA for bar-1 and examined them as adults for defects in
vulval development. We found that 100% of these bar-
1(RNAi) animals displayed a Spew or everted gonad pheno-
type, suggestive of a defect in vulval morphogenesis or
attachment to the gonad (data not shown). Surprisingly, when
examined at the L4 stage, we found that 90% of bar-1(RNAi)
animals had a wild-type vulval invagination, suggesting that
vulval induction and VPC fate determination occurred cor-
rectly (data not shown). This indicates that this method of
bar-1 RNAi is not sufficient to phenocopy the VPC fatedetermination defect seen in bar-1 loss-of-function mutants,
but also suggests that there is a later role for bar-1 in vulval
morphogenesis that is masked by the earlier defect.
Elements in the bar-1 upstream promoter region are
necessary and sufficient for tissue-specific regulation
To identify elements within the 10.8-kb bar-1 upstream
region that are required for tissue-specific expression, we
made a series of constructs containing decreasing lengths of
bar-1 upstream region, ending with pBJ206, which contains
only 0.6 kb upstream of the bar-1 ATG (Fig. 1). The
spatiotemporal expression pattern of GFP was examined
in transgenic animals containing each of these constructs
present on an extrachromosomal array (Table 1). We found
that the GFP expression pattern from constructs containing
9.1, 8.5, 6.9, and 5.1 kb of upstream sequence was the same
as that seen with pBJ201. However, constructs containing
shorter upstream regions showed differences in GFP ex-
pression that allowed us to identify three regions of the bar-
1 promoter required for expression in specific cell types or
at specific times of development. These results are summa-
rized in Table 1.
Fig. 3. VPC/Seam element constructs. Each line illustrates a portion of the
VPC/Seam element inserted upstream of the enhancerless pes-10::GFP, the
size of the insert, and whether expression was seen. The largest construct
shows expression in the VPCs and descendants and in the adult seam cells.
VPC.13 showed weak expression in VPCs in the L2 only. VPC::egl-18
denotes the 1.1-kb VPC element cloned into a construct containing the
minimal promoter from the egl-18 gene. Cb1.3 indicates the corresponding
region from the C. briggsae bar-1 gene inserted upstream of pes-10::GFP.
Exact coordinates (relative to the ATG) are: VPC (3152 to 2039),
VPC.1 (3152 to 2913), VPC.2 (2912 to 2657), VPC.3 (2656 to
2404), VPC.4 (2404 to 2039), VPC.5 (3152 to 2404), VPC.6
(2912 to 2039), VPC.7 (2626 to 2039), VPC.8 (3055 to 2134),
VPC.9 (3152 to 2657), VPC.10 (2912 to 2404), VPC.11 (2656 to
2039), VPC.12 (3152 to 2877 and 2396 to 2039), VPC.13
(3152 to 2134), VPC.14 (3055 to 2039), Cb1.3 (2934 to 1596).
VPCS1M–S8M indicate constructs in which the sequence of a single
evolutionarily conserved region (indicated by an ‘X’, see Fig. 4) was
randomized within the context of the complete 1.1-kb element.
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of bar-1 upstream sequence, show expression of GFP in
larval seam cells, ventral cord neurons, and the anchor cell,
but expression in these sites is absent in animals carrying
pBJ210, which contains 4.0 kb of upstream sequence.
Animals with pBJ210 did have expression in seam cells
after the mid-L4 stage when these cells terminally differen-
tiate. This suggests that the 1.1-kb element missing in
pBJ210 contains sites necessary for correct spatial expres-
sion in the anchor cell and ventral cord neurons and for
correct temporal expression in seam cells during larval life.
Second, animals injected with pBJ205, which contains 3.1
kb of the bar-1 promoter, show GFP expression in the VPCs
and in the descendants of P5.p, P6.p, and P7.p cells, as well
as in the adult seam cells. These sites of expression were not
seen in animals injected with pBJ209, which contains 2 kb
of promoter sequence. This indicates a site or sites necessary
for expression in Pn.p cells, the descendants of the VPCs,
and the adult seam cells are located between 3.1 and 2.0
kb of bar-1. Finally, all of the constructs containing 2.0 kb
of upstream DNA or greater drove GFP expression in
gonadal sheath cells, but this expression was lost in animals
transgenic for pBJ208, which contains only 1.2 kb of
upstream sequence. This indicates the presence of an
element necessary for expression in the gonadal sheath cell
located between 2.1 and 1.2 kb of the bar-1 promoter.
We have not previously noted phenotypes in bar-1
mutants that would be consistent with sites of expression
in seam cells or gonadal sheath cells, so we did not pursue
these expression elements further. However, we were inter-
ested in identifying sequences that drive bar-1 expression in
vulval cells and ventral cord neurons because bar-1 mutants
have phenotypes consistent with expression in these cells.
To determine if either of these bar-1 promoter elements
was sufficient to drive tissue-specific expression of GFP, we
cloned each of them into an enhancerless pes-10DGFP
vector that shows little or no GFP expression on its own.
We found that the 3.1–2.0 upstream element fused to pes-
10DGFP recapitulated expression in the VPCs, P5.p–P7.p
descendants, and in adult seam cells (Fig. 2R, and data not
shown). Likewise, the 5.1–4.0 kb upstream element fused to
pes-10DGFP showed expression in the VCNs (Fig. 2T), but
failed to show expression in the anchor cell or larval seam
cells. Neither construct showed significant expression in
other tissues except in a few cells of the tail, which may be
due to background expression from the vector. We will refer
to these two promoter regions as the VPC/Seam and VCN
elements, respectively. Further analysis was performed on
each of these elements in an attempt to identify smaller
fragments necessary for each specific expression pattern.
Even small deletions in the 1.1 kb VPC enhancer element
abolish expression
To attempt to identify a smaller region sufficient for
expression in VPCs and seam cells, we made a total of 14constructs containing various portions of the 1.1 kb VPC/
Seam element fused to the enhancerless pes-10DGFP gene
(Fig. 3). Surprisingly, deletions removing as little as 130 bp
from either side of the 1.1-kb element (VPC.13, VPC.14)
significantly reduced or abolished GFP expression in both
Pn.ps/VPCs and seam cells. We could not identify any
smaller region of the 1.1-kb element that was sufficient to
mimic the expression pattern from the intact 1.1-kb element.
Due to this surprising result, we wanted to demonstrate
that the VPC/Seam expression pattern seen with the 1.1-kb
region was not dependent on the pes-10DGFP reporter
vector we used. To test this, we inserted the same 1.1-kb
element upstream of a different basal promoter, that of the
L. Natarajan et al. / Developmental Biology 272 (2004) 536–557546egl-18 gene. An egl-18 basal promoter fused to GFP coding
sequences was previously used to identify a region in an egl-
18 intron that is sufficient for expression of GFP in VPCs
(Koh et al., 2002). We found that the VPC/Seam element
inserted upstream of the egl-18 basal promoterDGFP di-
rected expression in the same cells at the same time as
described above (VPCDegl-18, Fig. 3), while promoter
elements from other genes did not show this expression
pattern (Koh et al., 2002, and data not shown).
We can imagine two possibilities for our inability to find
a smaller DNA element sufficient for VPC/Seam expres-
sion. It could be that the VPC/Seam expression pattern is
dependent on multiple DNA elements scattered throughout
the 1.1-kb sequence, such that removing or altering any one
of these elements results in loss of expression. Alternatively,
it could be that proper spacing between elements in the 1.1-
kb element or between a DNA site in the 1.1-kb enhancer
and some site in the basal promoter or vector is necessary
for expression. Making smaller constructs might alter this
spacing and thereby abolish expression. As a way to look
for important DNA sequences within this 1.1-kb VPC/Seam
element while taking both of these possibilities into account,
we took a phylogenetic approach.
Sequence comparison with the C. briggsae bar-1 gene
highlights conserved sequences in the VPC/Seam element
An approach taken previously toward identifying im-
portant transcriptional regulatory regions in C. elegans
genes has been to compare the C. elegans promoter
sequence to that of the orthologous gene in the related
nematode C. briggsae (e.g., Heschl and Baillie, 1990; Cui
and Han, 2003; Kirouac and Sternberg, 2003). C. briggsae
and C. elegans are estimated to have had a common
ancestor from 80 to 110 million years ago (Stein et al.,
2003). While coding regions show strong DNA sequence
conservation between these two species, noncoding regions
are less well conserved. Noncoding regions that show
strong conservation between the two species are candidates
for DNA regions that have been under selective pressure to
maintain their sequence, such as regions that regulate
transcription.
We obtained the sequence of the C. briggsae gene most
similar to bar-1 from the Wormbase database (Stein et al.,
2001). This gene shows a genomic structure similar to that
of C. elegans bar-1 with two exceptions (see Fig. 7 for the
C. elegans bar-1 genomic structure). First, exons eight and
nine of the C. elegans gene are fused into a single exon in C.
briggsae due to the lack of consensus splicing elements in
the C. briggsae sequence (data not shown). Second, the
650-bp intron between C. elegans exons 16 and 17 is
reduced to only 48 bp in C. briggsae (data not shown).
The C. briggsae bar-1 gene encodes a predicted protein of
808 amino acids that shows 83% amino acid identity with
the 811 amino acid C. elegans BAR-1 protein (see Fig. 8).
We previously noted eight serines and threonines in theamino terminus of C. elegans BAR-1 that could be potential
GSK-3h phosphorylation sites (Eisenmann et al., 1998):
these sites are conserved in the C. briggsae predicted
protein.
We also compared approximately 11 kb of upstream
promoter sequence between the two genes and found them
to show 50% nucleotide identity overall (data not shown), a
figure comparable to the average level of intergenic region
similarity between these two species (Webb et al., 2002).
We identified a region most similar to the C. elegans 1.1 kb
VPC/Seam element located 1.6 kb upstream of the C.
briggsae bar-1 start codon. The overall nucleotide identity
between these two elements is 60% (Fig. 4). When inserted
into the enhancerless pes-10DGFP vector and injected into
C. elegans, the 1.3-kb element from C. briggsae was able to
drive GFP expression in VPCs, P5.p–P7.p descendants, and
seam cells in a pattern similar to that from the C. elegans
1.1-kb element (Cb1.3, Fig. 3, and data not shown). This
indicates that this upstream element is functionally con-
served between the two Caenorhabditis species.
A detailed comparison of the sequence homology between
the VPC element of C. elegans with that of C. briggsae
identified nine stretches of 9 bp or greater with 100% identity
between the two species (Fig. 4; except for S7). We reasoned
that such stretches of exact homology might contain evolu-
tionarily conserved binding sites for trans-acting factors. To
test whether any of these regions was necessary for all or part
of the VPC/Seam element expression pattern, we mutated
eight of these sequences individually by randomizing them
within the context of the 1.1-kb element and testing them for
expression in vivo (we were unable to obtain a mutated
construct for the ninth site). We found that two of the eight
sequences (S3 and S5) are required for specific expression in
the Pn.ps/VPCs, one of them (S1) is required for expression
in seam cells and another (S7) is required for both vulva and
seam cell expression (Fig. 3, and data not shown). Therefore,
by this analysis, we identified four elements within the 1.1-kb
enhancer that are required for regulation of expression in
specific cells, but which are not sufficient for that expression.
A 321 bp minimal region is required for bar-1 expression in
ventral cord neurons
In an attempt to identify a smaller region sufficient for
neuronal expression, we made a series of deletions of the
1.1-kb VCN element (Fig. 5). Constructs containing 0.89 kb
(VCN.1), 0.79 kb (VCN.11), 0.55 kb (VCN.10), and 0.32
kb (VCN.6) of bar-1 upstream DNA still retain expression
in ventral cord neurons. This expression is present in the L1
stage and persists through the adult. Fragments from the
promoter proximal side of the original VCN element were
not sufficient for expression in any ventral cord neurons, nor
were VCN.12 and VCN.13 constructs, which retain less
than 321 bp of upstream region. Therefore, we identified an
enhancer element of 321 bp sufficient for bar-1 expression
in a subset of ventral cord neurons.
Fig. 4. Clustal analysis of C. elegans 1.1-kb VPC element with related C. briggsae sequence. The top sequence is the sequence of the C. elegans 1.1 kb VPC
element oriented with respect to the bar-1 coding region. The bottom sequence is the corresponding C. briggsae sequence. Asterisks below the bases indicate
identical nucleotides. Sequences underlined below and labeled above as S1–S9 are the sequence stretches showing identity in more than 9 bp (except S7) that
were studied further.
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region 4.0 kb upstream of the C. briggsae start codon with
strong similarity to the 1.1 kb C. elegans VCN element. On
comparison of the VCN element from C. elegans with 1.3
kb from C. briggsae, we found that the overall level of
nucleotide identity was 50%. Most of the similarity lies
within the smaller 321-bp region (63% identical) found to
be sufficient for neuronal expression (Fig. 6). The most
upstream part of this 321-bp region shows 80% identity over
a region of 172 bp; however, a fragment containing this
strongly conserved region did not give expression in the
VCNs (Fig. 5), indicating that sequences in the promoter
proximal region with low homology must be necessary for
VCN expression. Because of the strong identity in the 321-
bp element, we did not take a ‘scrambling’ approach with
the C. elegans VCN element as we did with the VPC/Seam
element, and we have not further defined this element.
Tissue-specific rescue of bar-1 mutant phenotypes
bar-1 is expressed in VPCs and bar-1 mutants show
defects in cell fate specification in these cells. Previously, it
was shown by genetic mosaic analysis that bar-1 likelyfunctions cell-autonomously in this process (Eisenmann et
al., 1998). We show here that bar-1 is also expressed in a
subset of ventral cord neurons. It is possible that loss of bar-
1 function in these ventral cord neurons is responsible for
the moderate Uncoordinated phenotype observed in bar-
1(ga80) animals because these neurons innervate body wall
muscles required for locomotion (Driscoll and Kaplan,
1997). To test this idea, along with the cell autonomy of
bar-1 function, we created constructs that express the bar-1
open reading frame under the control of either the VCN/
Seam element (VPCeDbar-1) or the VCN element
(VCNeDbar-1), and assayed them for their ability to rescue
the bar-1(ga80) VPC and P12 fate specification defects and
Uncoordinated phenotype (Table 2).
To examine rescue of the bar-1(ga80) vulval and P12
phenotypes, we scored transgenic bar-1(ga80) animals at
the L4 stage as before (Gleason et al., 2002). To examine
rescue of the bar-1(ga80) Uncoordinated phenotype, we
performed an assay in which we gave individual transgenic
animals a ‘harsh’ tap on the head with a platinum wire and
monitored how many body lengths they backed up. We used
this harsh tap assay in an attempt to look at the function of
ventral cord neurons mediating locomotion. The touch
Fig. 6. Clustal analysis of C. elegans 321-bp VCN element with related C.
briggsae sequence. The top sequence represents the sequence of the C.
elegans 321-bp VCN element with respect to bar-1 orientation. The bottom
sequence is the corresponding region from C. briggsae. The right endpoints
of two smaller constructs of 110 bp (VCN.13) and 280 bp (VCN.12), which
did not show expression, are indicated by vertical lines.
Fig. 5. VCN element constructs. Each line illustrates a portion of the VCN
element inserted upstream of the enhancerless pes-10::GFP, the size of the
insert, and whether expression was seen. VCN.1, VCN.11, VCN.10, and
VCN.6 all show expression in ventral cord neurons from the L1 through
adult stages. Exact coordinates, relative to the ATG, are: VCN (5117 to
3992), VCN.1 (5117 to 4231), VCN.2 (4811 to 3992), VCN.3
(4595 to 3992), VCN.4 (5026 to 4117), VCN.5 (4595 to
4231), VCN.6 (5117 to 4797), VCN.7 (4811 to 4571), VCN.8
(4595 to 4315), VCN.9 (4286 to 3992), VCN.10 (5117 to
4571), VCN.11 (5117 to 4315), VCN.12 (5117 to 4904), and
VCN.13 (5117 to 5007).
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bar-1 mutant animals, may contribute to general locomotion
on plates, and we did not want to use a phenotype that
might reflect a defect in touch receptor location or function
(Driscoll and Kaplan, 1997; Ruvkun, 1997).
We found that bar-1(ga80)-transgenic animals contain-
ing pDE204, a genomic construct containing the bar-1
coding region and 5.1 kb of the upstream promoter se-
quence, were rescued for their vulval and P12 fate specifi-
cation defects (Table 2), as previously shown (Eisenmann et
al., 1998). Likewise, transgenic bar-1(ga80) animals con-
taining VPCeDbar-1 were also rescued for these pheno-
types. The vulval defect in such animals was rescued as well
as with pDE204, while the P12 defect was less well rescued
compared to pDE204. On the other hand, expression of bar-
1 from the VCN element, which shows no expression in
Pn.p cells or VPCs, had very little effect on the vulval
phenotype caused by bar-1(ga80) (Table 2). This result is
consistent with our previous finding that bar-1 acts cell-
autonomously during VPC fate specification. Conversely,
the VCNeDbar-1 construct was much better at rescuing the
Uncoordinated phenotype of bar-1(ga80) animals than was
the VPCeDbar-1 construct, although the latter construct did
show partial rescue (Table 2). The VCNeDbar-1-transgenic
animals also have a much higher rate of spontaneous motion
on plates and move in a more sinusoidal pattern, like wild-
type animals (data not shown). The fact that expression of
bar-1(+) in a subset of ventral cord neurons can completely
rescue the locomotion defects of bar-1 mutants suggests thatbar-1 is required in some ventral cord neurons for some
aspect of their cell fate specification or function.
Sequence analysis of bar-1 mutations
To complement our analysis of the bar-1 promoter region
and to extend our previous structure–function analysis of
BAR-1 (Natarajan et al., 2001), we characterized a large
number of independently isolated bar-1 mutations and their
effects on several bar-1-mediated processes. Some of these
alleles have been previously characterized (Ch’ng et al.,
2003; Eisenmann and Kim, 2000; Eisenmann et al., 1998;
Maloof et al., 1999). Sixteen of the 24 alleles were isolated
as suppressors of the low brood size associated with a pry-
1(mu38) mutation at 15j (see Materials and methods). pry-1
encodes a C. elegans homolog of Axin, a negative regulator
of Wnt signaling in vertebrates and C. elegans (Korswagen
et al., 2002; Gleason et al., 2002). Five other bar-1 alleles
were found in a screen for mutations affecting the migration
of the Q neuroblast progeny (Ch’ng et al., 2003; Maloof et
al., 1999).
We determined the molecular changes associated with all
24 of the bar-1 alleles (Fig. 7). Twenty-one of the alleles
had single nucleotide substitutions, while three of them
(mu347, de5, ep484) had two changes. Twenty of 24 alleles
carry G to A or C to T nucleotide substitutions, which
commonly arise following treatment with ethylmethylsulfo-
nate, the mutagen used to create these mutations (except for
mu63, which was spontaneous).
The first bar-1 allele described, ga80, was identified in a
screen for mutations causing a Protruding vulva phenotype
and causes a glutamic acid to stop codon change at amino
acid 97 (Eisenmann et al., 1998). This allele is considered to
be a loss-of-function or strong reduction-of-function muta-
tion and has been used for most previous analysis of bar-1
Table 2
Tissue-specific rescue of bar-1 phenotypes
Strain Percent
underinduced
Percentage
with P12
defect
N Average
backup
Range N
wild type 0 0 200 2.52 F 0.64 2–4 100
bar-1(ga80) 63 86 110 1.15 F 0.67 0.5–3 100
bar-1(ga80) Ex[pDE204] 7 11 500 2.60 F 0.60 2–4 100
bar-1(ga80) Ex[VPCe::bar-1] 6 22 353 1.70 F 0.90 0.5–4 100
bar-1(ga80) Ex[VCNe::bar-1] 53 69 339 2.41 F 0.65 1–5 100
The first column indicates the strains assayed. Three independent lines were tested for strains carrying the constructs pDE204, VPCe::bar-1, and VCNe::bar-1
on extrachromosomal arrays, and the data from these three lines were pooled. The next three columns indicate the penetrance of the vulval underinduction and
P12 cell fate specification defects, and the number of animals scored. The next three columns indicate the average number of body lengths the animals backed
up after given a harsh tap on the head with a platinum wire (with standard deviation), the range of values observed, and the number of animals scored.
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stop codons directly in the bar-1 reading frame: de6
(Q25STOP), mu350 (Q143STOP), sy324 (Q304STOP),
mu236 (Q320 STOP), de7 (Q320 STOP), and ep479
(W711STOP). The alleles mu236 and de7 both truncate
the protein at the same site, but alter different nucleotides.
The allele mu349 carries two changes; one causes a L482I
missense mutation and the other is an insertion of a T after
nucleotide 2601 that is predicted to generate a stop codon
114 bases downstream of the insertion site. Unfortunately,
we were unable to directly determine the effect of any of
these mutations on the size or stability of the BAR-1 protein
in vivo as the existing anti-BAR-1 polyclonal antibody is
not suitable for Western blot analysis and only recognizes
wild-type BAR-1 protein when it is overexpressed (Eisen-
mann et al., 1998).Fig. 7. bar-1 mutations. The top line shows a diagram of bar-1 exons (grey bo
indicated above, and mutations affecting conserved splice sites are indicated belo
effect on bar-1 message or BAR-1 protein. Numbering is relative to the first ATFive of 24 mutations cause changes in conserved sequen-
ces necessary for RNA splicing (Fig. 7). ep449, de5, and
ep462 alter the conserved GU sequence at the 5V splice
donor site, while mutations mu226 and mu347 alter the
conserved AG sequence at the 3V splice acceptor site. We
have not determined the exact effect of these mutations on
splicing of the bar-1 transcript, but our phenotypic analysis
(below) suggests that of these alleles, mu347 behaves like a
strong reduction-of-function mutation for several bar-1
phenotypes, while the other mutations have less severe
effects (Table 2).
The remaining 12 alleles cause missense mutations in
BAR-1: ep451(S239L), ep484 (V278G, D281N),
ep466 (S369N) , ep478 (E449K) , ep487 (E449K) ,
ep463 (E453K) , ep461 (R460W), ep485 (T498I ) ,
ep460(G524D), mu63(G524D), ep486(G524S), and mu349xes) and introns (lines). Missense mutations and nonsense mutations are
w. Boxed information indicates each allele, the nucleotide change, and the
G.
Table 3
Phenotypes of bar-1 alleles
Allele Mutation Plate
(percentage
mutant)
Vulva
(percentage
mutant)
Q.d
migration
(percentage
mutant)
P12
(percentage
mutant)
bar-1(+) – 6 6 14 2
ga80 Q97* 100 25 95 63
mu236 W320* 100 22 100 50
sy324 Q304* 100 21 100 66
mu347 intron 9 98 34 89 53
mu349 L482I
T ins.
92 43 97 67
de7 W320* 89 20 86 66
de6 Q25* 57 8 85 64
mu350 Q143* 57 25 88 48
mu226 intron 4 20 5 96 28
ep466 S369K 19 18 99 36
ep479 W711* 14 8 45 0
de5 intron 8 11 16 94 10
ep485 T498I 8 7 61 0
ep484 V278G
D281N
7 15 92 18
ep462 intron 9 5 10 100 2
ep487 E449K 5 10 21 0
ep478 E449K 4 4 7 0
ep451 S239L 3 15 100 13
mu63 G524D 1 14 12 5
ep460 G524D 1 19 53 1
ep486 G524S 1 11 56 0
ep461 R460W 1 13 74 4
ep449 intron 2 1 16 99 36
Columns one and two indicate the bar-1 allele and mutation scored for each
phenotype. Column three indicates the percentage of animals showing Egl,
Pvl, Bag, or Spew phenotypes on plates. Columns four, five, and six
indicate the percentage of animals displaying defects in vulval induction,
P12 fate specification, and migration of the QL neuroblast descendants,
respectively, as observed by Nomarski microscopy (vulva, P12) or
fluorescence microscopy (QL progeny migration). N z 100 at 20j for all
observations.
L. Natarajan et al. / Developmental Biology 272 (2004) 536–557550(L482I; plus a T insertion). All of the alleles causing
missense mutations in bar-1, with the exception of
mu349, were identified as suppressors of pry-1(mu38).
Three of the mutations, ga80, mu63, and mu349, de-
scribed here were previously sequenced. For ga80, we
verified the previously reported nucleotide substitution
(Eisenmann et al., 1998). However, for both mu63 and
mu349, different changes were found than those reported
previously (Maloof et al., 1999). mu63 was reported to
cause an L130F substitution. However, we verified a GGT
to GAT change (G524D) in two different mu63 strains. For
mu349, the reported change was the introduction of a stop
codon at Q147, but residue 147 is a lysine in BAR-1, and noFig. 8. Alignment of C. elegans BAR-1 with h-catenin homologs from other or
h-catenins from seven other organisms: Cb, C. briggsae; Dm, Drosophila me
intestinalis; Lv, Lytechinus variegates; Uc, Urechis caupo. Residues identical
(defined by default Clustal definitions) found in all species are shown in a grey
far more identity with each other than do the nematode proteins. Black dots u
E453, R460, and G524, which are altered by bar-1 mutations.mutation was found in that region of the gene. Instead, we
found that mu347 carries mutations at nucleotides 2596 and
2601 (Fig. 7). We note that mu350 does cause a CAA to
TAA change at Q143 (Q143STOP).
Phenotypic analysis of bar-1 mutations
We characterized the effects of these bar-1 mutations on
three Wnt-mediated processes previously shown to be
altered in bar-1(ga80): vulval induction, migration of the
QL descendants, and P12 cell fate specification (Table 3). To
carry out this analysis and to facilitate isolation and back-
crossing of the alleles (see Materials and methods), all of the
bar-1 alleles are present in a genetic background containing
the integrated transgenic array muIs35, which contains a
mec-7DGFP reporter construct allowing observation of QL
progeny in live animals by fluorescence microscopy (Chal-
fie, 1994). The strains also contain a second integrated array,
ccIs9753, that was used to remove pry-1(mu38) from the
background. The control strain for this analysis (Table 2) is
therefore ccIs9753; muIs35, which was observed to have
low-level defects for each of these processes.
We first ordered the 24 alleles based on the strength of
their vulval mutant phenotype assayed on plates with a
dissecting microscope. We included adult animals with egg-
laying defective (Egl), Protruding vulva (Pvl), Vulvaless
(Vul), and Spewed gonad (Spw) phenotypes in the mutant
category (Table 3). When ordered by this method, we found
that the alleles that introduce a nonsense mutation all have
>50% mutant phenotypes, with the exception of ep479,
which affects the last exon of the open reading frame.
mu347, which alters a splice site in intron 9, and mu349,
which causes a +1 frame shift in exon 11, also display
strong plate phenotypes. The remaining alleles, all of which
carry missense or splice site mutations, had <50% mutant
phenotypes assayed on plates, and most of these mutants
were not significantly different from the control strain.
To determine more directly the effect of these mutations
on vulval induction, we observed the vulval structure in
each strain at the L4 stage and scored as mutant those
animals with vulvae exhibiting too few induced cells (most
common), too many induced cells (rarely observed), defects
in cell fate execution (usually a reversal of P7.p polarity), or
obviously abnormal shape. There are several points worth
commenting on from this analysis (Table 3). First, we found
that the strongest observed defect was only 43% mutant
(mu349), which suggests that the phenotypes scored on
plates are not due simply to defects in vulval induction,
but may also reflect defects in later processes such as vulvalganisms. BAR-1 (Ce: C. elegans) was compared by Clustal analysis with
lanogaster; Mm, Mus musculus; Hm, Hydra magnapapillata; Ci, Ciona
in all species are shown in a black box. Chemically similar residues
box. Note that in general, the proteins from non-nematode species show
nderneath indicate the completely conserved residues D281, S369, E449,
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explain the lack of strong correlation between the strength
of the plate phenotype of a strain and the strength of its
vulval induction phenotype at 20j. Second, the observed
defect for the ga80 mutation is lower than that previously
reported (25% vs. 68%; Eisenmann et al., 1998), even when
scored by independent observers. This suggests that there
may be strain background effects, perhaps caused by the
introduction of two homozygous integrated arrays. Finally,
for several alleles, we observed a weak vulval induction
defect by Nomarski observation that is not manifested as a
defect on plates.
We also scored these mutant strains for the penetrance of
a phenotype involving another ventral Pn.p hypodermal cell,
P12.p. In wild-type animals, the most posterior Pn.p cell,
P12.p, divides to give one hypodermal daughter and another
daughter that dies by programmed cell death, while its
anterior neighbor P11.p does not divide. In bar-1(ga80)
mutants or in animals carrying mutations in other positively
acting Wnt pathway components, there are two large P11.p-
like nuclei in the posterior and no P12.pa daughter cell. This
alteration in cell fates has been attributed to a cell fate
transformation of the P12 cell (mother of P12.p) to that of
P11 (Eisenmann and Kim, 2000; Jiang and Sternberg,
1998). We scored this defect in the 24 strains and found a
result comparable to that seen with the vulval phenotype:
those mutations predicted to cause premature truncation of
BAR-1 had a stronger phenotype (approximately 50% or
greater), while those causing amino acid substitutions
tended to have weak or no phenotype. Exceptions to this
generalization are ep479(W711STOP), ep466(S369K),
ep451(S239L), and ep449(intron2 splice).
Finally, we used the mec-7DGFP integrated array to
score the migration of the progeny of the QL neuroblast in
these mutant strains. In wild-type animals, four touch
receptor cells express this reporter construct (Chalfie,
1994). One of these is a descendant of QL and is in the
posterior, and one is a descendant of QR and is in the
anterior. In bar-1(ga80) mutants or in animals carrying
mutations in other positively acting Wnt pathway compo-
nents, the posterior mec-7DGFP-expressing cell is mislo-
cated to a more anterior position due to defects in expression
of the Hox gene mab-5 (Ch’ng and Kenyon, 1999; Ch’ng et
al., 2003; Eisenmann and Kim, 2000; Harris et al., 1996;
Maloof et al., 1999). We found that unlike the other
phenotypes, all mutants displayed this QL migration pheno-
type, and 20 of 24 alleles showed it in >50% of animals
(Table 3). This phenotype was very penetrant, even in
missense alleles that showed a weak or no vulval phenotype.
Phylogenetic comparison identifies conserved residues
required for b-catenin function
To determine if any of these mutations alter evolution-
arily conserved residues, we compared the sequence of
BAR-1 with h-catenin homologs from several other species(Fig. 8). BAR-1 shows only limited identity with h-catenin
homologs from both vertebrates and invertebrates (20–
22%), except for C. briggsae (83%). Even though BAR-1
shows low homology with h-catenins from non-nematodes,
we found that 6 of the 11 amino acids altered by bar-1
missense mutations are completely conserved in other
species: D281 (Arm repeat 4), S369 (Arm repeat 6), E449
(Arm rpt 8), E453 and R460 (between Arm repeats 8 and 9),
and G524 (Arm rpt 9). Of these, most have not had a
function ascribed to them based on previous analysis in
other species. However, R460, which corresponds to R469
in human h-catenin, has been described as being important
in contacting TCF (Von Kries et al., 2000). It is possible that
the nearby residues E449 and E453 may also be required for
this interaction, directly or indirectly. In two other cases,
residues mutated in BAR-1 are not evolutionarily con-
served, but the residue at this position found in all other
organisms has been attributed with important functions.
S239 is conserved in C. briggsae and C. elegans but
corresponds to N261 in vertebrates, a residue required for
interacting with TCF-3 (Graham et al., 2000). Similarly,
V278 of BAR-1 in nematodes corresponds to I296 in other
species, and this residue in murine h-catenin is required for
binding to TCF (Graham et al., 2000). Based on these
results, we predict that residue G524 (G531 in vertebrates),
which was mutated three independent times in C. elegans,
and residue S369 (S389 in vertebrates) are likely to identify
important residues necessary for BAR-1 function in C.
elegans, and perhaps in h-catenin from other species as
well. Further analysis of the effects of these mutations on
the stability, activity, or interactions of BAR-1 from C.
elegans or h-catenin from other species could validate this
hypothesis.Discussion
Wnt signaling pathways play vital roles during the
development of all metazoan animals (Cadigan and Nusse,
1997; Wodarz and Nusse, 1998), and misregulation of Wnt
signaling is a significant contributor to the origin of many
cancers, particularly colon cancer (Polakis, 2000). h-Cate-
nin is a major effector of the Wnt pathway (Willert and
Nusse, 1998; Wodarz and Nusse, 1998). h-Catenin is a
cytoplasmically unstable transcription factor that is stabi-
lized in the presence of Wnt ligand, allowing it to enter the
nucleus where it interacts with TCF/LEF family members to
regulate expression of Wnt pathway target genes. The C.
elegans genome encodes three h-catenin homologs, two of
which, BAR-1 and WRM-1, act in canonical and non-
canonical Wnt pathways, respectively (Herman, 2003; Kors-
wagen, 2002). We report here the use of promoter deletion
analysis, sequencing of mutant alleles, and phylogenetic
comparison to identify promoter elements and specific
amino acids required for expression and function of the C.
elegans h-catenin homolog BAR-1.
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conserved tissue-specific expression elements
First, we wanted to characterize expression of the bar-1
gene to determine if it is ubiquitously expressed or
regulated at the transcriptional level. If the latter, we hoped
to identify specific cis-acting sites and trans-acting factors
that regulate bar-1 expression. Previously, we saw over-
expressed BAR-1 or BAR-1DGFP in a subset of tissues
(Eisenmann et al., 1998), but this result could be due to
either ubiquitous bar-1 expression followed by posttrans-
lational regulation, as is the case with Armadillo in fly
embryos (Peifer et al., 1994; Riggleman et al., 1989), or to
regulation at the transcriptional level in specific tissues, as
seen during chicken and mouse development (Huelsken et
al., 2001; Widelitz et al., 2000). We found that a tran-
scriptional fusion of GFP coding sequences with 10.8 kb
of bar-1 upstream sequence showed a tissue-specific
pattern of expression, suggesting that the bar-1 gene is
not ubiquitously expressed, but is regulated at the tran-
scriptional level in a spatial and temporal manner in the
developing larvae (and embryo; LN and DME, unpub-
lished observations). The difference between h-catenin
gene expression in nematodes and flies may reflect the
fact that Drosophila possesses only a single h-catenin
family member that performs both cell adhesion and
Wnt signaling functions, and which must therefore be
expressed in all epithelial cells of the embryo, while C.
elegans has segregated the adhesion and signaling func-
tions of h-catenin into separate proteins (Korswagen et al.,
2000; Natarajan et al., 2001), allowing for non-ubiquitous
expression.
With regard to vulval development, we saw GFP expres-
sion in Pn.p cells during the L1 stage that persisted in VPCs
and their descendants until the L4 stage. We did see some
differences in expression between the transcriptional report-
er described here and the previous analyses that examined
BAR-1 protein expression. First, expression of GFP in
induced VPC descendants was seen later in development
than previously observed; in previous analyses, BAR-1
expression disappeared in VPCs at the time of their first
division. Second, expression was seen in ventral cord
neurons and in the anchor cell that was not observed with
antibody staining or a translational BAR-1DGFP fusion.
These differences between the transcriptional reporter and
the translational reporter/antibody staining could reflect
posttranslational downregulation of BAR-1 in these cells,
a common feature of Wnt signaling in uninduced cells, or
they could reflect an increased protein stability or perdur-
ance of native GFP vs. BAR-1 or BAR-1DGFP.
bar-1 function in Wnt signaling has been best character-
ized in the processes of VPC fate specification and migra-
tion of Q neuroblast descendants, but bar-1 is known to
function in other cells as well (Korswagen, 2002). In
addition to expression in VPC lineages, we observed ex-
pression of the bar-1 transcriptional reporter in three cell
L. Natarajan et al. / Developmtypes that could indicate the action of a Wnt signaling
pathway in these cells: ventral cord neurons, the anchor
cell, and the seam cells. Consistent with the expression of
bar-1 in ventral cord neurons, we found that expression of
bar-1(+) in a subset of ventral cord neurons could rescue the
locomotion defects of bar-1 mutants, but not the vulval
defects, suggesting that a Wnt pathway may act in VCNs to
control some aspect of their fate specification or function
that impacts locomotion. Further characterization of ventral
cord neuron identity, gene expression, and function in bar-1
mutants should help determine if there are defects in these
cells caused by loss of Wnt pathway function. This ventral
cord expression could explain the observation that a hyper-
activated G protein subunit expressed in ventral cord neu-
rons caused effects on vulval induction that were dependent
on bar-1 function (Moghal et al., 2003). Consistent with the
expression of bar-1 in the anchor cell, we found that bar-1
RNAi causes defects in vulval morphogenesis that are
independent of defects in vulval cell fate specification. This
result suggests that a bar-1-mediated Wnt pathway may act
in the anchor cell to mediate vulval morphogenesis. Alter-
natively, this phenotype could reflect the function of bar-1
in cell fate specification of the progeny of the induced
VPCs, leading to defects in morphogenesis (Wang and
Sternberg, 2000, Gupta and Sternberg, 2002). Finally, the
expression of bar-1 in larval and adult seam cells suggests a
possible role for bar-1 and Wnt signaling in the division or
terminal differentiation of the seam cells, as was previously
suggested (Austin and Kenyon, 1994). Indeed, we have
recently obtained evidence that a Wnt signaling pathway
may regulate the stem cell divisions of seam cells during
larval life (J. Gleason and D. Eisenmann, unpublished
results).
We did not observe expression of the bar-1 transcrip-
tional reporter in any cells likely to be Q neuroblasts or their
progeny, even with the construct containing 10.8 kb of
upstream promoter DNA. Previously, it was found that a
bar-1 genomic fragment containing 5.1 kb of the promoter
was sufficient to rescue the bar-1(ga80) vulval defects
(Eisenmann et al., 1998), but was not sufficient to rescue
the QL descendant migration phenotype (J. Maloof, personal
communication). Therefore, it is possible that the element(s)
required for expression in QL or its descendants lies in
regions of the bar-1 genomic region that we did not include
in our constructs. Alternatively, expression in these cells
could be present but very weak, and was missed during our
observations.
By unidirectional deletion analysis, we found two pro-
moter elements that mediate much of the tissue-specific
regulation of bar-1. We found a 0.32-kb element located
between 5.1 and 4.8 kb upstream of the bar-1 ATG
necessary and sufficient for expression in ventral cord
neurons, and a 1.1-kb element located between 3.1 and
2.0 kb upstream of the bar-1 ATG necessary and sufficient
for expression in Pn.ps, the VPC progeny, and the adult
seam cells. We also observed that promoter sequences
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expression in the anchor cell and the seam cells during
larval life. The identification of separate elements for seam
cell expression in the larva vs. the adult could reflect the
separate regulation of bar-1 in cells undergoing a stem cell
division pattern during larval development vs. the mainte-
nance of bar-1 expression in the terminally differentiated
seam cells after their final division.
Two points are interesting about the results of our bar-1
promoter deletion analysis. First, we did not see any
evidence for transcriptional repressive elements in the bar-
1 promoter that would have been manifested as ectopic
expression of GFP following deletion of particular sequen-
ces. This result could reflect a preference for positive
transcriptional regulation at the bar-1 promoter. Conversely,
because our deletion analysis was unidirectional, we may
have missed some positive or negative transcriptional reg-
ulatory elements and underestimated the complexity of the
bar-1 promoter. However, we did identify elements neces-
sary for most of the major sites of bar-1 expression (VPCs,
seam cells, VCNs, anchor cell, somatic gonad) by this
approach.
Second, as with other analyses, we found separable
elements that mediate portions of the overall expression
pattern. However, unlike many other analyses of C. elegans
genes, which have identified small regions and even single
transcription factor binding sites responsible for expression
(e.g., Cui and Han, 2003; Harfe and Fire, 1998; Kirouac and
Sternberg, 2003; Krause et al., 1994), we identified a 1.1-kb
promoter element that could not be further deleted without
losing all expression, suggesting it was made up of multiple
necessary elements. A phylogenetic analysis was used to
address this problem. We identified a sequence upstream of
the bar-1 homolog in the related nematode C. briggsae that
was highly similar to the C. elegans bar-1 1.1-kb VPC/
Seam element. This sequence, when placed upstream of
GFP coding sequences and injected into C. elegans, drove
GFP expression in the same cells as the C. elegans element,
indicating a conservation of function over 80–110 million
years (Stein et al., 2003). By comparing these two regions,
evolutionarily conserved identical sequences within the
larger element were identified. By independently mutating
these conserved sequences within the 1.1-kb region, we
found two sites necessary for vulval expression, one site
necessary for adult seam cell expression, and a fourth site
necessary for expression in both tissues. It is possible, even
likely, that other sites are present within the full element
because we only tested DNA sequences of greater than 9 bp
with exact identity, and we would have missed smaller
binding sites or sites with single nucleotide substitutions
or more between the two species. Consistent with this, none
of the necessary sites we identified were located within 100
bp of the ends of the VPC/Seam element, yet deletion of 100
bp from either end of that element rendered it inactive for
GFP expression. The analysis of this element from the bar-1
promoter has revealed an abundance of positively actingtranscriptional control elements, suggesting that C. elegans
promoters are likely to display some of the complexity
found in the promoters of more complex eukaryotes (Barolo
and Posakony, 2002).
We searched a computer database of transcription factor
binding sites to attempt to determine what factors might act
via sites S1, S3, S5, and S7. We found several transcription
factors that could potentially bind to these sequences,
including CdxA, Oct-1, dl, SRY, HSF, NIT-2, GATA-1,
and CRE-BP (L.N. and D.M.E., unpublished results). How-
ever, most of these factors have identified consensus bind-
ing sites of only a few bases in length, and further analysis
will be needed to determine if C. elegans proteins homol-
ogous to these factors, or other unknown factors, are
regulating bar-1 expression in specific tissues via these
sites. In addition, we searched C. elegans genomic DNA
for other occurrences of these sites. For each, we found
close to the expected number of sites based on random
chance, but none of the occurrences were in the promoters
of other genes known to be expressed in vulval cells (L.N.
and D.M.E., unpublished results).
Analysis of bar-1 mutations identifies evolutionarily
conserved residues necessary for bcatenin function
In a second area of analysis, we used the location of
mutations affecting the activity of C. elegans BAR-1,
along with phylogenetic comparison, to identify several
residues that may be required for h-catenin function in
diverse species. First, we characterized the mutations
present in 24 different bar-1 alleles isolated in a variety
of genetic screens. This is the largest collection of exper-
imentally induced mutations in a h-catenin characterized to
date. Eight of the alleles contain nonsense mutations
predicted to produce truncated BAR-1 proteins, five rep-
resent splice site alterations, and the 12 contain missense
mutations.
We characterized the effects of these bar-1 mutations on
threeWnt-mediated processes previously shown to be altered
in bar-1(ga80): vulval induction, migration of the QL
descendants, and P12 cell fate specification. Generally, we
found that the nonsense mutations had more highly penetrant
defects for all three processes than the missense mutations.
The exception to this is ep479, which truncates only the last
100 amino acids of the protein and which has no significant
vulval or P12 phenotype and a weak Q migration defect.
Consistent with the weak phenotype caused by ep479, we
previously showed that BAR-1 contains redundant transcrip-
tion activation domains in its amino and carboxy termini, and
that a carboxy terminal-deleted protein could rescue the bar-
1(ga80) mutant phenotypes (Natarajan et al., 2001). Interest-
ingly, we found that most of the missense mutations had weak
or no phenotypes in vulval induction and P12 fate specifica-
tion, but did have significant Q progeny migration pheno-
types (Table 3). Two possibilities could explain this result.
First, it is possible that the residues altered by these mutations
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protein interaction of BAR-1 that is used in QL progeny
migration but not the other processes, which would be an
exciting finding. In preliminary work, however, we have
found that the BAR-1G524D protein still interacts with POP-
1, APR-1 and PRY-1 proteins using the yeast two-hybrid
assay we have previously described (Natarajan et al., 2001)
(L.N. and D.M.E., unpublished results). Second, this result
could indicate that the Wnt signaling pathway that regulates
mab-5 expression in the QL neuroblast is more sensitive to
alterations in BAR-1 level or activity than the Wnt-mediated
processes regulating Hox gene expression in hypodermal
cells P3.p–P8.p and P12. Although further data are required,
we favor the second hypothesis because in both the VPCs and
P12, an RTK/Ras signaling pathway has been shown to also
regulate Hox gene expression in these cells (Eisenmann et al.,
1998; Jiang and Sternberg, 1998;Maloof and Kenyon, 1998),
and signaling from this pathway may buffer these cells from
full effects of loss or reduction in BAR-1 activity.
Even though BAR-1 shows low homology with h-
catenins from non-nematodes, we found that 6 of the 11
amino acids altered by bar-1 missense mutations are com-
pletely conserved in other species: D281 (Arm repeat 4),
S369 (Arm repeat 6), E449 (Arm rpt 8), E453 and R460
(between Arm repeats 8 and 9), and G524 (Arm rpt 9). Of
these, most have not had a function ascribed to them based
on previous analysis in other species. We predict that
residue G524 (G531 in vertebrates), which was mutated
three independent times in C. elegans, and residue S369
(S389 in vertebrates) are likely to be important residues
necessary for BAR-1 function in C. elegans, and perhaps in
h-catenin from other species as well.Acknowledgments
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